To assess the role of glucagon and insulin in the acute regulation of ketone body kinetics in man, somatostatin was administered with various combinations of these hormones by replacement infusions in groups of six to seven normal subjects. Somatostatin-induced insulin and glucagon deficiency produced a threefold increase in total ketone body concentrations within 2 h. This increase was the combined result of enhanced production (71%),-and decreased metabolic clearance (32%), as determined by 14C-acetoacetate infusions. An associated elevation of non-esterified fatty acids (66%) and glycerol levels occurred. Glucagon replacement (2 ng 9 kg 1 . rain-l) during insulin deficiency failed to enhance ketogenesis or lipolysis but lowered the fl-hydroxybutyrate/acetoacetate concentration ratios. Hyperglycaemia, observed during glucagon administration and insulin deficiency, did not diminish ketone body production or lipolysis. In contrast, insulin replacement (150 aU . kg -1 9 min 1) diminished lipolysis, lowered ketone production, and elevated the metabolic clearance rate of ketone bodies. Glucagon infusions (2 and 4 ngkg ~ 9 min 1) during somatostatin and insulin replacement did not accelerate ketone body production or raise non-esterifled fatty acid levels, but produced a dose-dependent elevation of blood glucose levels. The results suggest that glucagon is not an important ketogenic hormone under the conditions studied.
Ketone body concentrations may reach markedly elevated levels during various physiological and pathological conditions, such as fasting and diabetic ketoacidosis [1] . Controlling factors are involved which enhance or inhibit the accumulation of ketone bodies in the blood. It has been recognized recently in a study performed in rats, that ketogenesis is under the bihormonal control of insulin and glucagon [2] . However, the relative roles of these two hormones in regulating ketone body production or utilization has not been defined in man. While it is generally agreed that insulin deficiency enhances ketogenesis, controversial results have been obtained regarding the ketogenic capacity of glucagon. An increase. in ketone body concentrations was observed after glucagon administration to insulin-withdrawn diabetic patients [3] [4] [5] . In contrast, glucagon failed to stimulate ketogenesis in normal man [3, 6] , probably due to counterregulatory insulin release following glucagon administration which suppressed the potential ketogenic effects of glucagon.
The present studies were performed to assess the effect of acute alterations in insulin and glucagon levels on concentrations and kinetics of ketone bodies. Production and utilization of total ketone bodies were de: termined using primed continuous infusions of 3J4C -acetoacetate. Administration of somatostatin provided an acute deficiency of insulin and glucagon; it also prevented counter-regulatory release of either hormone by the other, during various replacement infusions of insulin and glucagon.
Subjects and Methods

Subjects
Thirty-five healthy subjects (13 males and 22 females) aged between 43 and 66 years participated in the study. Each subject's weight was within 10% of his ideal body weight (based upon 1959 Metropolitan Life Insurance Tables). The oral glucose tolerance test, haematocrit, serum electrolytes, urea and liver enzymes were within normal limits before the study. The investigation was approved by the Local Ethical Committee, and written informed consent was obtained from all participants.
0012-186X/82/0023/0094/$01.40 Experimental Procedures
The subjects reported to the laboratory after a 13-h overnight fast, following consumption of a light meal at 19.00 h on the previous day. A Venflo catheter (inner diameter: 1.2 ram) was inserted into an antecubital vein for infusion. The hand of the contralateral arm was placed in a warming chamber at 60 ~ and arterialized venous blood was sampled from a dorsal hand vein by a Butterfly needle (inner diameter: 0.8 ram) [7] . A primed constant infusion of sodium 3-14C-acetoacetate (0.56-0.72 btCi/min) was administered throughout the study. Blood samples were obtained during 14 rain at 2 rain intervals following primer injection (20 IxCi) for determination of the pool size of ketone bodies, and after 40 rain of tracer equilibration, at 10 and 15 rain intervals during 165 min.
Infusion protocols: (1) saline (0.154 tool/l); (2) somatostatin (6.5 .ug -kg -1 -h-l), either alone or in combination with: (3) glucagon (2 ng 9 kg -1 9 rain-l); (4) glucose (20 g/100 ml H20) to produce comparable hyperglycaemia to that observed during glucagon infusions; (5) insulin replacement (150 ~U . kg -1 9 rain-l); (6) insulin replacement and glucagon (2 ng . kg -1 -rain 1); (7) insulin replacement and glucagon (4 ng 9 kg -1 9 min-~).
Preparation of Infusates
3-14C-ethylacetoacetate (160 .uCi, sp. act. 9.2 Ci/mol, Amersham International, Bucks., UK) was added to freshly redistilled carrier ethylacetoacetate (0.5 retool). After hydrolysis with NaOH (10% excess) and incubation for 60 rain at 40 ~ the solution was evaporated to approximately half of its initial volume to remove ethanol, acetone and water [8] . The purity of the tracer [9] was 86 _+ 1% (range 76%-99%). The infusates were sterilized by passing through a MiIlipore filter (0.22 gin) and stored in sterile flasks at -60 ~ until use (within 8 weeks). Cyclic somatostatin was purchased from Serono, Freiburg, FRG; insulin (Actrapid) and glucagon were obtained from Novo, Copenhagen, Denmark. Somatostatin, insulin and glucagon were dissolved in saline (0A54 tool/l) containing human albumin (0.5 g/100 ml). All infusates were delivered using Harvard pumps. During the hyperglycaemia study, glucose (20 g/100 ml H20) was administered at rates which were periodically adjusted according to instantaneously measured blood glucose levels.
Analytical Procedures
The blood samples were drawn with heparinized syringes and collected in tubes containing 5 mg/ml EDTA. Aliquots (4.5 ml) were immediately deproteinized by adding equal volumes of chilled HC104 (30 g/100 ml H20) and neutralized with KOH (20 g/100 ml H20). Blood concentrations of acetoacetate [10] and fl-hydroxybutyrate [l 1], glycerol [12] , and glucose [13] were measured using a microfluorimetric adaption of enzymatic methods. In the hyperglycaemia studies (protocol 4), blood glucose was determined instantly by a Yellow Spring glucose analyzer (Yellow Springs Instrument Co, Yellow Springs, Ohio, USA). Blood acetone was determined using head space analysis and gas chromatography [14] . Acetoacetate and acetone were assayed within 6 h, during which period both were shown to be stable. 14C-ketone bodies were determined as described previously [9] . Recoveries determined in all studies were 87 _+ 1% for 140 acetoacetate, and 84 _+ 2% for 14C-fl-hydroxybutyrate. The sp. act. of acetoacetate and of total ketone bodies included acetone values. Plasma non-esterified fatty acids (NEFA) were measured by a radiochemical method [15] , plasma immunoreactive insulin using Sephadexbound antibodies [16] , and immunoreactive glucagon in plasma containing Trasylol (500 IU/ml) using the 30 K antibody obtained from Dr. Unger, Dallas, Texas [17] .
Total ketone body kinetics were calculated using a single pool model as originally described for glucose [18] and as recently validated for ketone bodies [19l. The pool sizes of total ketone bodies were determined in each subject as described previously [19l; a pool fraction of total ketone bodies of 1.0 was employed. Total ketone body production was obtained by using the combined sp. act. of individual ketone bodies in the calculation. The metabolic clearance rate was calculated by dividing the rate of utilization by the concentration, as the latter has been used previously as an index of efficiency of utilization of ketone bodies [20] . In the calculation of the metabolic clearance rate of ketone bodies, urinary losses of ~4C-ketone bodies were neglected, since < 1% of the infused radioactivity was shown to be lost in the urine during the experimental period. Calculations were performed using a Hewlett-Packard 9815 desk top computer. Results are presented as mean _ SEM. Student's paired t-test was used for the comparison of two experimental periods in the same subject. The unpaired t-test was employed for the assessment of statistical significance between different protocols. (Table 1) The production rates of total ketone bodies rose slightly during the study from 6.3 + 1.3 btmol 9 kg-1 . minduring the control period to 8.7 + 1.6 umol 9 kg -t min -1 at 150 min (p < 0.02). The utilization rates of total ketone bodies followed the production rates closely; consequently there was a small but significant increase in total ketone body concentrations (47%, p < 0.01). There was also a significant increase in fl-hydroxybutyrate concentrations (81%, p < 0.005). Blood acetoacetate, acetone, metabolic clearance rate of ketone bodies, plasma insulin and glucagon did not change significantly.
Results
Effect of Saline Infusion on Ketone Body Kinetics
Effect of Somatostatin-Induced Insulin and Glucagon Deficiency on Ketone Body Kinetics (Fig. 1)
Somatostatin infusion (protocol .2) resulted in a decrease of insulin at 150 min from 5.6 + 0.6 to 1.7 _+ 0.4 mU/1 (p < 0.01), and ofglucagon from 132 _ 14 to 89 + 16 pg/ml (p < 0.001). While plasma insulin was suppressed to the detection limit of our assay, glucagon concentrations were still clearly measurable. The total ketone body concentrations increased almost threefold, from 364 ___ 120 to 1081 + 231 ~tmol/1 (p < 0.01). This increase was entirely due to the elevation offl-hydroxybutyrate which rose from 210 +_ 68 to 851 _+ 180 gmol/1 (p < 0.005). Blood acetone levels increased from 29 _+ 11 to 50 ___ 12 btmol/1 (p < 0.005), whereas acetoacetate concentrations remained unchanged and the fl-hydroxybutyrate/acetoacetate concentration ratios rose from 2.0 + 0.05 to 4.5 + 0.4 (p < 0.001). The increase in total ketone body concentrations during the 120 min of hormonal perturbation was due in part to increased ketone body production, which rose during somatostatin infusion from 7.7 _+ 2.7 to 13.2 __+ 2.2 ~tmol 9 kg -~ 9 min -1 (p < 0.001). Total ketone body utilization followed the production rates closely, but with a slight delay. The metabolic clearance rate of total ketone bodies declined significantly by 32% (p < 0.005) which augmented the ketonaemic effect of the in- Fig.3 . Insulin, glucagon and ketone body kinetics during infusion of somatostatin (SS) and glucose in six subjects. Glucose (200 g/l) was infused at variable rates (bottom panel) to mimic the hyperglycaemia of protocol 3 (Fig.2) . The rates were adjusted in 15 rain intervals according to instant blood glucose measurements. Results expressed as mean + SEM creased production. The elevation of ketone body production and the decrease of the metabolic clearance rate were significantly greater than during saline infusion (p < 0.01, Table 1 ). (Fig. 2) Infusion of somatostatin and glucagon (protocol 3) resulted in insulin deficiency and mild hyperglucagonaemia of 303 + 59 pg/ml. Total ketone body concentrations increased similarly as during somatostatin infusion alone, rising from 347 _ 63 to 1020 + 119 fxmol/1 at 150 rain (p < 0.01). This increase was the combined result of an elevation of fl-hydroxybutyrate concentrations from 194 _+ 136 to 684 + 97 amol/1 (p < 0.005) and of acetoacetate levels from 127 _+ 30 to 288 _+ 31 p.mol/1 (p < 0.02). Glucagon replacement resulted in significantly higher acetoacetate concentrations (p < 0.05), and in lower fl-hydroxybutyrate/acetoacetate concentration ratios (2.5 _+ 0.3, p < 0.05) at 150 min than during the protocol of glucagon deficiency. The increase in total ketone body concentrations arose from an increase in production from 6.7 + 0.9 to 14.0 + 1.9 ,amol kg-1 . rain-1 (p < 0.005). The pattern of total ketone body utilization again followed the production rate with a slight delay, causing an increase in total ketone body concentrations. The metabolic clearance rate of total ketone bodies declined during the infusion period by 26% (p < 0.01). The change of production and metabolic clearance of ketone bodies from control rates were not significantly different from the protocol of somatostalin infusion alone ( Table 1) . (Fig. 3) To examine whether the elevation of blood glucose associated with glucagon infusion influenced the result of ketone body kinetics and lipolysis, glucose was infused into six subjects during somatostatin infusion (protocol 4) to mimic the hyperglycaemia of the glucagon protocol. Total ketone body production rates increased similarly as during somatostatin infusion alone (from 7.1 + 1.2 to 12.6 + 1.2 ,amol 9 kg -1 9 min-l,p < 0.01). Due to the imbalance between ketone body production and utilization, ketone body concentrations rose more than twofold mainly on account of increased fl-hydroxybutyrate concentrations. NEFA and glycerol concentrations increased similarly as during somatostatin alone, indicating that hyperglycaemia during insulin deficiency did not alter lipolysis.
Effect of Somatostatin-Induced Insulin Deficiency and Glucagon Replacement(2 ng . kg -j . min -~) on Ketone Body Kinetics
Effect of Hyperglycaemia During Somatostatin Infusion on Ketone Body Kinetics
Effect of Glucagon at 2 and 4 ng 9 kg-/ . rain-1 During Insulin Replacement (150 It U. kg-1 . min-i) on Ketone Body Kinetics
Insulin replacement without glucagon (protocol 5) resulted in a slight over-replacement of basal insulin levels in the peripheral circulation (11 _+ 2 at 150 min versus 8.1 + 2.1 mU/1 during the control period, n = 6). Glucagon concentrations were lowered during somatostatin infusion by 50 _+ 14% (p < 0.01). Total ketone body production declined transiently from a mean control rate of 5.6 + 0.8 to 3.4 + 0.5 gmol . kg-1 . rainat 90 rain (p < 0.01). Due to a delayed fall of ketone body utilization, total ketone body concentrations were lowered by 41 + 9% at 90 min. At the end of the infusions, ketone body kinetics were not significantly different from saline controls ( Table 1) . Figure 4 shows the effect of insulin and glucagon replacement at 2 ng 9 kg-1 . rain -1 (protocol 6) on ketone body kinetics. Glucagon levels were raised to 320 pg/ml between 105 and 150 rain, representing a mean 2.5-fold elevation of basal concentrations. Insulin levels were again slightly elevated during insulin infusion. Inspire of the addition of glucagon, the rate of total ketone body production declined, to 3.4 + 0.4 gmol 9 kgmin -~ (45% of control rate at 150 rain, p < 0.01). Total ketone body utilization followed the production with a slight delay, this imbalance resulting in a gradual decrease of total ketone body concentrations by 69 + 4% at 150 rain (p < 0.01).
The glucagon infusions at 4 ng 9 kg-t . rain-1 (protocol 7) resulted in an increase in plasma glucagon levels to 780 _ 145 pg/ml (n = 6) at 150 min. These concentrations were twice the levels achieved during the 2 ng 9 kg -~ min -~ infusion. Insulin concentrations again increased slightly from 8.2 + 1.6 to 12.7 ___ 0.8 mU/1; the insulin levels were similar to the two previous protocols. Total ketone body production decreased to 2.8 _+ 0.5 lxmol 9 kg-1 . min-1 at 90 min (p < 0.05), despite hyperglucagonaemia and remained lowered throughout the study. The fall during the infusion (Table 1 ) was similar to that found during the 2 ng 9 kg-1 . min-~ infusion 9 Total ketone body concentrations decreased significantly to 141 _+ 52 gmol/1; thus, neither glucagon infusion rate raised ketone body levels. The metabolic clearance rate of total ketone bodies increased similarly in all three insulin replacement protocols by 28, 46 and 35%, respectively (p < 0 9
NEFA, Glycerol and Glucose Concentrations (Fig. 5) NEFA concentrations were not statistically different during the control periods of all protocols. Infusion of somatostatin resulted in a significant (p < 0.05) increase in NEFA levels to 1465 + 235 umol/1 at 150 min. Glucagon replacement did not alter the NEFA response to insulin deficiency, since NEFA concentrations increased similarly to 1200 + 158 gmol/l (p < 0.025), All three insulin replacement protocols resulted in lowering of plasma NEFA (Table 2 ). While this decrease during insulin replacement alone was transient (57 + 6% of basal at 90 min), it was sustained and similar during both glucagon replacement protocols.
The pattern of the glycerol concentrations (not shown on figure) was similar to that of NEFA. Glycerol levels increased significantly during somatostatin infusion from 128 _+ 23 to 213 _+ 46 gmol/1 (p < 0,02) at 150 min, and during somatostatin and glucagon from 111 + 21 to 163 ___ 22 gmol/1 (p < 0.005). During saline infusion, plasma NEFA and glycerol levels did not change significantly.
Blood glucose levels decreased significantly during somatostatin infusion alone from 4.8 +_ 0.2 to 3.5 + 0.1 Fmol/l (p < 0.001) (Fig. 5 and Table 2 ). In contrast, glucagon replacement exerted a pronounced hyperglycaemic effect, increasing concentrations to 10.4 + 0.7 retool/1 (p < 0.001). During insulin replacement, blood glucose declined to 3.1 + 0 9 mmol/1 (p < 0.01), and the addition of glucagon to insulin raised blood glucose to values only moderately lower than in the protocol without insulin. Doubling the glucagon dose to 4 ng 9 kg-~ 9 min-1 resulted in blood glucose concentrations of 9.7 +_ 0.4 mmol/1. The increment of blood glucose over the time period (I 50 rain) was significantly 
Discussion
In normal subjects glucagon failed to enhance ketogenesis and lipolysis either during acute insulin deficiency or during maintained insulin levels. The failure of physiological glucagon concentrations to enhance ketone body production in man was unexpected, since stimulatory effects of glucagon on ketogenesis have been demonstrated in animals, such as fasting dogs [21] and rats [2] . Although ketogenic effects of glucagon have never been demonstrated in normal man, elevation of ketone body levels by glucagon has been reported in diabetic patients after insulin withdrawal [3] [4] [5] . Glucagon deficiency following pancreatectomy in man resulted in delayed development of ketosis after insulin withdrawal [22] . However, these results were not confirmed in a later study [23] .
It is conceivable that under certain conditions, e.g. prolonged insulin deficiency in diabetic patients, glucagon could exert ketogenic effects. However, the present study indicates that during acute insulin deficiency, elevated physiological glucagon levels did not accelerate the development of ketosis, although enhanced lipolysis provided increased substrate levels for ketogenesis. We also demonstrated that hyperglucagonaemia was unable to stimulate ketone body production when NEFA supplied to the liver were limited by near-basal maintained insulin levels. The failure could not be explained by inadequate replacement of intraportal levels by the peripheral infusion, since a portal-peripheral glucagon gradient of 1.3 has been reported [24] , and since a hyperglycaemic response of glucagon was preserved.
The observed lowering of fl-hydroxybutyrate/acetoacetate concentration ratios by glucagon extends to man our previous observations in dogs [21] that glucagon lowers this ratio in the liver, suggesting an effect on the intrahepatic redox state [25] .
The hyperglycaemia studies indicate that elevation of blood glucose concentrations during insulin deficiency does not diminish lipolysis and ketogenesis. These results are in contrast to those of a previous study in dogs with maintained insulin levels [26] . Our findings provide indirect evidence that hyperglycaemia associated with glucagon infusion does not attenuate ketogenesis or lipolysis.
The present results confirm previous observations of the powerful effect of small changes in insulin concentrations on NEFA levels [27] and thus ketogenesis [1] . The slight over-replacement of insulin was the most likely reason for decreased NEFA and ketone body levels. In addition to the effect on NEFA, a direct hepatic ketogenic effect of insulin may also play a role [28] . Insulin appears to exert a dual effect on ketone body levels, since it not only diminished production but also enhanced the metabolic clearance rate of ketone bodies. These findings agree with previous observations in dogs [29] . Alternatively, the increase in the metabolic clearance rate may be due, at least in part, to a lowering of ketone body concentrations [30] .
The finding that glucagon raised blood glucose levels but not ketone body production suggests that there is a marked difference in the relative potency of insulin and glucagon to affect glycogenolysis and ketogenesis, i.e. that ketogenesis is markedly sensitive to insulin but comparatively insensitive to glucagon.
